Some bacteria lose culturability in natural environments but retain measurable metabolic activity and are thus considered viable. Several techniques have been proposed to determine the activity of nonculturable cells. Due to the considerable physiological heterogeneity of bacterial populations in the environment, it is imperative to apply methods which measure cellular activity at the single cell level. This review focuses on hvo promising methods: the microcolony assay and the respiration assay based on reduction of S-cyano-2,3-ditolyl tetrazolium chloride (CTC). In the microcolony assay, viable cells are identified by their ability to perform a limited number of cell divisions and this approach is thus related to conventional culture techniques. Some recent methodological developments of the technique aiming at improving the incubation conditions and the detection of microcolonies are presented. Results obtained by the microcolony technique are used to introduce its advantages and limitations. The CTC-reduction assay determines a central cellular metabolic activity, but does not measure cell growth. Results of studies using this assay are presented, and it is emphasized that great care should be taken to optimize assay conditions for the studied organisms. Finally, the results obtained by different viability assays are compared. For a specific bacterium, several assays, addressing different aspects of cell metabolism, can provide comparable results suggesting that they provide meaningful viability estimates. On the other hand, the use of viability assays on complex indigenous populations may be ambiguous.
Viable but nonculturable cells
conditions, yet can enter a nonculturable state when exposed to stressful growth conditions, see [I] for review. Viability studies of natural populations address both the above classes of nonculturables, while studies of selected organisms primarily focus on culturable bacteria entering a nonculturable state. Some nonculturable cells retain measurable metabolic activity [l] which has led to the concept of 'viable but nonculturable ' bacterial cells, defined as cells "which can be demonstrated to be metabolically active while being incapable of undergoing the sustained cell divisions required for growth in or on a medium normally supporting growth of that cell" [l] . Accordingly, cells with a measurable metabolic activity are considered to be ,alive in contrast to more general definitions of life as a property of individuals with the capacity to perform both metabolism, growth and reproduction.
Many environmental factors, including temperature, salt concentration, light and nutrient level, are now known to affect the culturability of bacteria [l] . However, it still appears to be difficult to identify a specific physiological mechanism leading to a viable but nonculturable state.
Several of the techniques commonly used to demonstrate viable but nonculturable cells measure metabolism alone, but do not require growth and/or reproduction of the bacterial cells. These techniques address different aspects of cell metabolism (see last section of this review) and it may consequently be difficult to relate results obtained by the different methods. A central requirement for viability assays therefore would be that they measure a process central to cellular energy metabolism [2] or to the maintenance of cellular integrity. It appears, that the term 'active but nonculturable' might be more precise than viable but nonculturable, but the latter term will be used here, with the above reservations in mind.
If specific bacteria entering the nonculturable state were always moribund, they would be of limited interest. However, the nonculturable state can be considered as a mechanism where, in response to an unsuitable environment, cellular survival is promoted while growth is arrested. If this assumption is valid, viable but nonculturable cells should be able to resuscitate when alleviated from the stress inducing the viable but nonculturable state. Evidence for resuscitation has been hard to provide due to considerable difficulty in distinguishing between true resuscitation of a viable but nonculturable population and regrowth of a minor, culturable subpopulation in a stressed culture [3] . Recently, Kaprelyants and Kell provided evidence for 'true' resuscitation of a starved culture of Micrococcus luteus [4] . The starved culture, containing both viable but nonculturable and culturable cells, was treated with penicillin to counterselect for dividing cells before resuscitation by addition of nutrients. After nutrient amendment, an increased number of colony-forming cells appeared on a background of constant total counts. Furthermore, changes in cell size during resuscitation, changes in viability and a very rapid increase in culturable cells argued against regrowth of a small culturable subpopulation that might have been resistant to penicillin. Therefore, it seemed relevant that studies of bacterial survival should even address viable but nonculturable subpopulations.
Another important argument for studying viable but nonculturable cells is that these cells, being metabolically active, participate in the nutrient and energy cycling in natural ecosystems and thus have to be considered when studying transformation of matter in nature.
In recent years it has become evident that the physiological heterogeneity of bacterial populations is considerable, even for cells growing in pure culture [2] . In natural environments, heterogeneity may be larger as the growth conditions may vary over distances of few microns. This accentuates the need for methods which can determine activity of bacteria at the single cell level. The following sections will focus on some recent developments in two methods which seem promising for a rapid assessment of the viability and/or metabolic activity of individual bacterial cells.
Microcolony assays
Microcolony assays represent an approach related to conventional culture methods. In these assays the samples are incubated with nutrients and viable bacteria are identified by their ability to undergo a limited number of cell divisions and thereby form microcolonies that are visible in a microscope. The initial cell divisions leading to microcolony formation can be inspected directly. Hence, it can be determined whether individual cells are dead (nondividing) at the time of sampling, or whether they die (stop dividing) during the incubation period 151.
In the classical slide culture approach, microcolony formation took place in a ca. 250 ~1 growth Downloaded from https://academic.oup.com/femsec/article-abstract/17/2/77/536831 by guest on 16 December 2018 chamber containing nutrient agar and mounted between a microscope slide and a cover slip [6] . When viability of heterotrophic bacteria is compared using slide culture and conventional plating, the slide culture method generally gives higher estimates (see, e.g., Fry and Zia [7] ).
Studies performed several years ago on substrateaccelerated death indicated that a carbon source, for which a bacterium had been starved, could kill the cells if included in the medium of a slide culture assay [8] . However, substrate-accelerated death depended both on the carbon source and on the bacterial species. Hence, it remains a possibility that, under some circumstances, substrate-accelerated death could occur during cultivation.
A major disadvantage of the slide culture technique was that only short incubation periods were appropriate due to potential oxygen and nutrient limitations, accumulation of noxious metabolites and overgrowth by large colonies. In addition, the sensitivity of the method was low, ca. lo6 micro-&r ml-'. Recently, Waterhouse et al. [9] incubated luxlabelled Pseudomonas syringae for 4 h by a slide culture technique before bioluminescence was detected by charge coupled device-enhanced microscopy. The results illustrate that when brief incubation times are adequate, the slide culture technique is still very useful.
During recent years some significant improvements of the above technique have been introduced. Microcolonies can be formed on polycarbonate membrane filters placed on the surface of solid or liquid growth media [ lo,1 11. Thereby the bacteria are given access to unlimited amounts of oxygen and nutrients and it is possible to perform long-term incubations to assess the viability of even slowly growing populations, e.g. of soil bacteria [12] . Also the problems regarding overgrowth can be solved by using dilute media [12] . Finally, the atmosphere of the incubation chambers can be manipulated to provide optimal growth conditions even for anaerobes as demonstrated by Binnerup and Sorensen [13] (Fig.  1) acridine orange allowing inspection by epifluorescence microscopy [lo] . If the stain is applied from the bottom side of the filter, colony morphology is not affected by the staining procedure [ll] . These modifications have improved the detection limit of the method to ca. lo4 micro-& ml-'. However, both the limited amounts of material that can be filtered as well as the occurrence of aggregates of bacterial cells in natural environments limit the sensitivity obtainable by this approach [12] .
In a study addressing the viability of indigenous soil bacteria, Winding et al. [12] compared micro-& and cfu on two nutrient-poor media. In all cases the micro-& were ca. 1 order of magnitude higher than cfu after an incubation period of 64 days. Using shorter incubation periods, the difference was even more pronounced.
While the above study addressed the viability of total bacterial populations, Binnerup et al. [ll] followed the viability of a TnS-labelled Pseudomonas fluorescens strain introduced into soil. A large viable but nonculturable population developed in soil as shown by comparing conventional plate counts and micro-cfu on nutrient-rich media. After 40 days in the soil, ca. 20% of the inoculum was still viable while only 0.02% was culturable.
Microcolony assays have been combined with specific detection using fluorescent antibodies recognizing Salmonella [14] or Pseudomonas (Fig. 2) . Thus, the microcolony approach has the important advantage of being compatible with molecular methods improving the specificity of detection.
Dehydrogenase assays

Tetrazolium compounds as viability stains
For more than a decade, the reduction of tetrazolium salts has been used to determine dehydrogenase activity in individual bacterial cells [15] . Within the cells the water-soluble, colourless tetrazolium salts are reduced by dehydrogenases coupled to the electron transport system, and hence converted to insoluble, coloured or fluorescent formazans (soluble, coloured formazans are known [16] but obviously cannot provide information on individual cells and thus cannot yield information on heterogeneity within populations).
Since electron transport is directly related to cellular energy metabolism in respiring cells, the ability of cells to reduce tetrazolium compounds has been used as an indicator of bacterial viability [ 171. Tetrazolium-reduction assays can be performed without addition of extra nutrients to obtain a measure of in situ viability. Alternatively, nutrient amendment provides a measure of potential cell activity.
Not all bacteria are able to reduce a given tetrazolium compound and, for example, transport of the compound into the cell may vary between bacterial species [17] . Possibly, the permeability of a specific bacterium for tetrazolium salts may change as membrane composition changes, e.g. during starvation. On the other hand, some anaerobes lacking a respiratory electron transport system reduce tetrazolium compounds [ 181, and interpretation of tetrazolium reduction assays in anaerobic systems is ambiguous b81.
Until
recently, 2-(4-iodophenyl)-3-(4-nitrophenyl)-S-phenyltetrazolium chloride (INT) was the most commonly used tetrazolium compound [17] . The reduced INT-formazan forms red, intracellular precipitates that can be detected by bright-field microscopy. Unfortunately, small INT-formazan deposits have been difficult to distinguish, especially in natural samples [19] . Rodriguez et al. [19] were the first to report the use of 5-cyano-2,3-ditolyl tetrazolium chloride (CTC) as a viability stain for bacteria. CTC is reduced to a fluorescent, insoluble formazan which accumulates in respiring cells. The fluorescence facilitates detection and enables the simultaneous determination of respiring cell number and total cell number after counter staining with the fluorescent DNA-binding stain 4'-6-diamidino-2-phenylindole (DAPI) [19] . Due to brief incubation periods, l-3 h, and detection by fluorescence microscopy or flow cytometry, CTC-reduction assays provide a rapid assessment of cell viability [2, 19, 20] .
Physiological studies using CTC
The properties of INT and CTC have been compared in a study of heat-stressed Listeria monocytogenes [21] . During heat treatment, the decline rates of CTC-reducing cells and culturable cells were comparable while that of INT-reducing cells was much lower. During recovery from heat stress, the INT-reduction method also yielded the highest estimate of cell viability. This illustrates that CTC has different properties than INT and underlines that use of any tetrazolium compound in viability assays requires a careful investigation of the reducing abilities of the target bacterium [17, 18] .
Growing cultures of Micrococcus luteus and Escherichia coli both display a considerable heterogeneity in their ability to reduce CTC [20] and a similar observation has been made for Pseudomonas putida in growing biofilms [2] . Nevertheless, the CTC-reduction assay can discriminate between growing and starving cells. During short-term starvation of P. putida for organic nutrients, the formazan deposition decreased rapidly [2] . Also a P. fluerescens strain showed decreased CTC-reduction when starving for carbon, and more dramatically when starving for carbon, nitrogen and phosphorus [22] as shown in Fig. 3 . M. luteus starved for 75 days did not produce detectable CTC-formazan, but during resuscitation viable cells reappeared [4] . Jorgensen et al. [22] demonstrated a large viable but nonculturable subpopulation of both starved and non-starved Pseudomonas fluorescens during heat treatment and speculated that culture methods may underestimate the recovery potential of heat-stressed cells.
In addition, CTC-reduction methods may provide information on the metabolic state of injured cells. Kaprelyants and Kell 1201 demonstrated a subpopulation of Micrococcus luteus that had increased membrane permeability due to freeze/thaw cycles. The injured cells had an increased ability to reduce CTC after addition of NADH which seemingly could enter the cells and stimulate respiration.
Rodriguez et al. [19] compared the viability of bacterial populations in groundwater, seawater and wastewater. When CTC-reduction was carried out without addition of extra nutrients, the population of respiring bacteria was lower that the culturable popu- [22] lation. The result agrees well with the pure-culture studies mentioned above showing that starved or dormant cells are not readily demonstrated in situ [2, 22] . Addition of nutrients to the reactions increased the size of the CTC-reducing populationthe effect being largest in the most nutrient-poor samples [ 191.
The CTC-reduction method appears well suited to demonstrate metabolic activity in situ in bacterial populations forming biofilms of limited thickness [2, 19, 23] . One example is the demonstration a higher viability of biofilm bacteria than of planktonic bacteria [2] .
Comparison of viability methods
Yu and McFeters [23] compared the viability of Klebsiella pneumoniae forming biofilms on stainless steel by (1) the CTC-reduction method, (2) staining with rhodamine 123, which detects cells with an energized cell membrane, and by (3) the direct viable count method, which detects cells responding to added nutrients by an increased volume in the presence of nalidixic acid. As mentioned earlier, calibration of different viability assays is a difficult task as they measure different cellular processes that could respond differently to starvation or other stresses. The correspondence between the three assays tested by Yu and McFeters [23] suggests that they all provide a meaningful measure of the viability of a specific bacterium for which the assays have been optimized.
In a study addressing the viability of indigenous soil bacteria, Winding et al. [12] compared the microcolony method and the CTC-reduction method. In general, the microcolony method yielded a slightly higher estimate of population viability than the CTC-reduction method. An important observation from this study was that not all microcolonies contained cells with CTC-formazan deposits and that some CTC-reducing cells never showed cell division. When used on complex indigenous populations different viability assays might therefore target different subpopulations.
Assessment of microbial viability in complex systems therefore requires an understanding of how differently the members of the microbial community react in the assay [Cl.
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